INTRODUCTION {#SEC1}
============

Synthetic gene regulation systems have been designed to accurately control onset and level of transgene expression. They have been successfully employed to investigate the functions of genes or to express toxic gene products. Within the scope of synthetic biology they are of particular interest since they can be connected to endogenous regulatory networks to induce different cell fates and to control complex biological features such as proliferation ([@B1]), differentiation ([@B2]), reprogramming ([@B3]) or transdifferentiation ([@B4],[@B5]) (reviewed in ([@B6],[@B7])).

Transcriptional control systems are of particular relevance since they are modular and realize inducibility of coding and regulatory RNAs. They consist of a synthetic promoter which is activated upon specific binding of activator proteins. Binding to the DNA depends on the presence of a specific trigger, which could be a small molecule, or physical cues such as electric potential or light (reviewed in ([@B8])). One of the best characterized systems is the Tet system ([@B9]). The most frequently used synthetic Tet promoter consists of a minimal CMV promoter fused to repeats of the Tet-operator sequence from *Escherichia coli*. This promoter is activated upon Tetracycline or Doxycycline dependent binding of a coexpressed synthetic transactivator (rtTA), a fusion protein carrying the DNA binding domain of the tetracycline repressor protein and the activation domain of the HSV VP16 protein ([@B10]). The Tet system has also been successfully implemented in transgenic mice ([@B11]). Applications include the reprogramming of somatic cells ([@B12]), guiding cellular differentiation ([@B13],[@B14]), overexpression of GPCR ([@B15]), Cas9 ([@B16]) or shRNA ([@B17]--[@B19]) and the labeling of cells ([@B20]).

However, despite the benefit of synthetic regulatory systems in various studies their application is hampered by unforeseen expression properties. This often concerns the loss of expression during cultivation or differentiation of transduced cells, which is thought to be the consequence of epigenetic modulation of the synthetic cassette. Since silencing of identical transgene cassettes in different integration sites differs, there seems to be a specific crosstalk between the transgene and its chromosomal surroundings.

Gene silencing is mediated by specific epigenetic modifications. DNA methylation as well as histone modifications are epigenetic marks known to influence gene expression ([@B21]). Methylation of CpG residues is mediated by DNA methyl transferases (DNMTs) and is associated with transcriptional silencing ([@B22]). Active demethylation of DNA depends on ten eleven translocation proteins (TET1--3) (reviewed in ([@B23])). The TET protein family converts methylated cytosines (5mC) to hydroxymethylated cytosines (5hmC), a crucial step for initiating DNA demethylation ([@B24]) (reviewed in ([@B25]--[@B27])). Next to DNA methylation, various reversible histone modifications have been described to contribute to the temporal modulation of the transcriptional activity of genes ([@B21]). These include methylation, acetylation and phosphorylation of specific histone chains, establishing the so-called histone code ([@B28]). While DNA methylation is considered to be associated with stable long-term repression, histone modifications seem to be more dynamic ([@B21]).

Synthetic Tet cassettes have been reported to be particularly susceptible for epigenetic silencing limiting applicability of this potent system ([@B29]--[@B31]). To study and overcome silencing of Tet dependent expression, we employed a defined system that allowed targeted integration of Tet cassettes into the ROSA26 chromosomal site of murine ES cells. While this locus has been shown to be ubiquitously expressed providing an open chromatin structure ([@B32],[@B33]), the targeted Tet cassettes displayed a heterogeneous, mosaic type of expression reflected by inducible and non-inducible cells. Inducibility of the Tet cassettes was successively lost upon *in vitro* cultivation and differentiation, in particular in transgenic mice. We show that silencing is associated with pronounced DNA methylation of the Tet promoter. By targeting the catalytic domain of TET-1 dioxygenase to the Tet promoter we could induce targeted demethylation and re-activation of expression in murine ES cells, differentiated cells and transgenic mice.

MATERIALS AND METHODS {#SEC2}
=====================

Cells and culture conditions {#SEC2-1}
----------------------------

G4B12 murine embryonic stems cells ([@B34]) and targeted cell populations derived thereof were cultured in the standard cell culture medium used for murine embryonic stem cells based on DMEM (GIBCO 61965) basal medium supplemented with 15% heat-inactivated FBS (SIGMA F7524), 1× sodium pyruvate (Gibco 11360), 1x non-essential amino acids (Gibco 11140), penicillin (10 U/ml), streptomycin sulfate (100 μg/ml), 0.1M ß-mercaptoethanol (GIBCO 31350), and leukemia inhibitory factor (LIF) (1000U/ml). Selection for targeted integration was performed with 0.4 mg/ml G418. All ES cell cultures were maintained on fibroblast feeders at 37°C in a humidified atmosphere with 5% CO~2~ and 2% O~2~.

For differentiation the ES cells were seeded on a gelatinized 12-well plates (0.1% gelatin, Sigma G1393) and cultivated in DMEM supplemented with 15% fetal calf serum, 2 mM [l]{.smallcaps}-glutamine, penicillin (10 U/ml) and streptomycin sulfate (100 μg/ml) but without LIF at 37°C in a humidified atmosphere with 5% CO~2~ and 20% O~2.~

Rosa-Luc ES cells were created from G4B12 cells by lentiviral transduction of Cre and mCherry using pLM-CMV-R-cre ([@B35]) (gift from Michel Sadelain, Addgene P\#27546). Transduced cells were sorted for mCherry and analysed for luciferase expression. Since the luciferase gene in G4B12 cells is flanked by two inverted loxP sites, in these cells the luciferase gene is permanently turned.

Mouse embryonic fibroblasts were isolated from day 13.5 embryos and immortalized upon lentiviral transfer of SV40 T antigen according to a previously published protocol ([@B1]).

For generation of BidiTet-Luc/GFP+TET1c-rtTA cells BidiTet-Luc/GFP cells were infected with a lentivirus carrying Tet1c-rttA/dsRed construct. The infected fibroblasts were sorted for dsRED expression and cultivated at 37°C in a humidified atmosphere with 7% CO~2~. Culture media were supplemented with 15% fetal calf serum, penicillin (10 U/ml), streptomycin sulfate (100 μg/ml), 0.1M ß-mercaptoethanol (GIBCO 31350), 1× non-essential amino acids (Gibco 11140), 1× sodium pyruvate (Sigma), 10 mM HEPES.

Doxycycline was dissolved in ethanol and administered to the cells at a final concentration of 2 μg/ml for 2 days prior to analysis. For the other chemical treatments 1 × 10^4^ or 1 × 10^5^ cells were seeded in a 24- or 12-well plate format, respectively. DNMT inhibitors Azacytidine (Sigma Aldrich) and Decitabine (Sigma Aldrich) were dissolved in PBS and added to the ES cells at a final molecular concentration of 1 or 0.5 μM, respectively. For the fibroblasts treatment with 1 μM Decitabine was used. Note that the incubation with epigenetic modifiers was not well tolerated by the cells which impaired extended incubation times or higher concentrations ([Supplementary Figure S1A--C](#sup1){ref-type="supplementary-material"}). Vitamin C was dissolved in PBS and used at a final concentration of 100 μg/ml. For all treatments, cells were harvested after 72 h of cultivation in the respective conditions.

Plasmids {#SEC2-2}
--------

The targeting vectors pBidiTet-Luc/GFP, pBidiTet-Luc/rtTA, pRosaGFP and pTetGFP are based on pEMTAR ([@B36]) and harbor an encephalomyocarditis virus (EMCV) internal ribosome entry site (IRES) element as well as a ATG translation initiation codon. Upon targeting the cassettes in G4B12 cells the ATG is positioned in frame to the neomycin phosphotransferase gene, thereby rendering the cells resistant towards G418 (cf. Figure [1](#F1){ref-type="fig"} and ([@B37])).

###### 

Expression from the bidirectional Tet promoter in the Rosa26 locus is silenced in ES cells, upon differentiation and in transgenic mice. (**A**) Schematic depiction of the RMCE compatible ROSA26 locus in G4B12 ES cells according to ([@B37]) and targeted expression cassettes used in this study. The RMCE strategy relies on Flp mediated targeting of the cassettes which are flanked with heterospecific FRT-WT and FRT-F5 recombination sites (dark and gray ovals). Upon chromosomal integration, an IRES element followed by an ATG from the incoming targeting cassette enables expression of the neomycin phosphotransferase gene, thereby rendering successfully recombined cells resistant against G418. Upon targeting of BidiTet-Luc/GFP, Tet-GFP and BidiTet-Luc/rtTA cassettes, the transactivator (rtTA) is controlled by the endogenous ROSA26 promoter. In BidiTet-Luc/rtTA a second copy of the rtTA is controlled by the cognate promoter, resulting in its positive feedback activation. Tet-GFP is a unidirectional Tet promoter driven GFP cassette. Targeting of a promoter-free GFP cassette resulted in Rosa-GFP cells in which GFP is controlled by the ROSA26 promoter. Rosa-Luc cells were derived from G4B12 ES cells upon stable expression of Cre recombinase. (**B**) Reporter gene expression in targeted ES cells. ES cells carrying the indicated cassettes were cultivated for 48h in the presence and absence of Doxycycline and analysed for expression of luciferase (as relative light units (rlu) per μg of total protein, left) or GFP (as % GFP expressing cells, right). As a negative control untargeted G4B12 ES cells were included. Cumulative data from two to three independent experiments (each performed in duplicates or triplicates) are represented. Representative flow cytometry plots are indicated for the different cell lines. (**C**) Stability of expression during culture. The BidiTet-Luc/GFP ES cells were cultured in the presence and absence of Doxycycline. Cells were analysed for luciferase and GFP expression early (passage 2--5) and late (passages 17--20) after targeting. Represented data were derived from two independent experiments in triplicate cell cultures. (**D**) Stability of reporter expression upon differentiation of BidiTet-Luc/GFP ES cells. To induce differentiation, BidiTet-Luc/GFP ES cells were cultivated on gelatinised plates without LIF in the absence and presence of Doxycycline for 4 and 7 days and subsequently analysed for GFP or luciferase expression. Data were generated from triplicates derived from two (luciferase) or one (GFP) experiments. (**E**) *In vivo* imaging of BidiTet-Luc/GFP, Rosa-Luc and wild type albino C57Bl/6 (alb-Bl/6) mice. BidiTet-Luc/GFP mice were analyzed for whole body in vivo bioluminescence upon providing 2 μg/ml Doxycycline in the drinking water for 7 days. BidiTet-Luc/GFP animals that received no Doxycycline were used as controls. BidiTet-Luc/GFP mice are also depicted 2 days after HDTV of the BidiTetLuc/GFP plasmid in the presence of Doxycycline. Note that the scale is different in the groups to accommodate different expression levels. Quantification is depicted on the right. Data from independent mice per group are depicted. (**F**) To assess the mRNA levels of luciferase and rtTA liver and kidney tissues of Doxycycline induced animals presented in E were harvested. Samples from three to seven animals per group were analysed by qRT-PCR. The levels of luciferase and rtTA transcripts were calculated relative to actin mRNA levels.
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AutoTet-Luc/rtTA comprises an autoregulated, bidirectional Tet cassette for controlled expression of luciferase and rtTA in a bicistronic expression unit together with the neomycin resistance gene.

The rtTA expressing vector has been recently described (pCMVRTA2Hyg in ([@B38])). It comprises the CMV promoter driving the rtTA2-S2 transactivator ([@B39]) and a hygromycin resistance gene linked by an EMCV-IRES element. TET1c-rtTA was generated from rtTA by including the catalytic domain from the mouse TET1 protein which is fused to the C terminus of the rtTA gene via a XhoI cutting site (CTC/GAG) and a GGA (Glycin) / TCT (Serin) linker. TET1c comprises only the catalytic domain of TET1 lacking any DNA binding domains in the same plasmid background. pCAGGTet1crtTA is a lentiviral vector encoding TET1c-rtTA and dsRed genes in a bicistronic message controlled by the CAGG promoter. Maps and vector sequences are available on request.

Targeted integration by recombinase mediated cassette exchange (RMCE) {#SEC2-3}
---------------------------------------------------------------------

For ES cell targeting, 1 × 10^4^ G4B12 cells were seeded in the 6 well plate without feeders. The cells were cotransfected with the FLPe expression vector pFlpe ([@B40]) and the respective targeting vectors (BidiTet-Luc/GFP, Tet-GFP, BidiTet-Luc/rtTA or Rosa-GFP) using Lipofectamine 2000 (Life technologies) according to manufacturer\'s protocol. Media was exchanged 5 h after transfection. 24  h post transfection, the ES cells were transferred to feeder coated 10 cm cell-culture dishes. Selection pressure was added 48 h after transfection (0.4 mg/ml G418). Non-transfected ES cells and ES cells transfected with only the Flp recombinase expression plasmid were routinely included as negative controls. RMCE targeted, G418 resistant cells were then cultured, expanded and analysed for GFP and Luciferase expression.

Gene expression analysis {#SEC2-4}
------------------------

Total RNA was prepared from ∼1 × 10^6^ cells using the RNeasy Mini Kit (Qiagen, Hilden, Germany) following the manufacturer\'s instructions. The RNA samples were eluted in 30--50 μl RNase-free H~2~O. Quality and quantity of the isolated RNA samples were assessed using the NanoDrop ND-100 spectrophotometer. Reverse transcription was carried out using the Ready-To-Go First Strand Beads (GE Healthcare) and OligodT primers (Qiagen) according to the manufacturer\'s instructions. Briefly, a volume corresponding to 5 μg of eluted RNA was denatured at 65°C for 10 min, followed by 5 min incubation on ice and then mixed with OligodT primers and transferred to the Ready-To-Go First Strand Beads for reverse transcription at 37°C for 1 h. 1:10 diluted cDNAs were used as a template for amplification with specific primers for coding sequences of rtTA (rtTA1: 5′-GCATCATACCCACTTCTGCC, rtTA2 5′-GGCCCACGGCGGACAGAGCG) and luciferase (Lucfwd: 5′-GGTGTTGGAGCAAGATGGAT; Lucrev: 5′-TCAAAGAGGCGAACTGTGTG).

For real-time PCR the following components were mixed: 10μl SYBR green (Qiagen) RT-PCR mix, 1 μl forward primer (10pmol), 1μl reverse primer (10pmol), 8 μl cDNA. Real-time PCR was performed on a LightCycler 480 apparatus (Roche). The housekeeping gene Actin (Actinfwd: 5′-TGGAATCCTGTGGCATCCATGAAAC Actinrev: 5′-TAAAACGCAGCTCAGTAACAGTCCG) was used for normalization. Reactions were performed in duplicates or triplicates.

Flow cytometry analysis {#SEC2-5}
-----------------------

For flow cytometry, cells were detached from adherent culture by enzymatic treatment and resuspended in a buffer (2% FBS in PBS). Cells were analyzed using Becton-Dickinson FACScalibur.

*In vitro* luciferase measurement {#SEC2-6}
---------------------------------

The cells were washed in PBS and harvested in 200 μl RLB Buffer (Promega, E397A). 20 μl of this solution was mixed with 100μl detection solution (Beetle Lysis Juice, PJK) and measured using the luminometer Lumat LB 9507 (Berthold). Light units obtained from 10 s were related to the protein content. The protein content was measured with Nanodrop biophotometer (Eppendorff).

Bisulfite Sequencing of the Tet promoter {#SEC2-7}
----------------------------------------

The high molecular weight DNA was isolated from 1 × 10^6^ cells using the Qiaamp DNA Mini Kit (51304). 300--900 ng of the isolated DNA was used for bisulfite sequencing using the EZ DNA methylation kit (Zymo cat \#.D5002 or D5001) according to the manufacturer\'s instructions. The Tet promoter sequence was amplified from the converted DNA using primers T1 5′-GGTTTTGGTGTTTTTTATGGAGGTTAAAAT-3′ and T2 5′-AACTCTACTTATATAAACCTCCCACC-3′. The reaction was performed on a PCR machine (Biometra). DNA fragments from ES cells and the animals were amplified with: (a) 15 min/95°C, (b) 30 s/95°C, 60 s/55°C, 60 s/72°C (45 cycles), (c) 7 min/72°C, (d) final hold 4°C. Fragments from the immortalized fibroblasts were amplified using: (a) 5 min/95°C, 10 min/72°C, (b) 30 s/95°C, 45 s/56°C, 90 s/72°C (31 cycles), (c) 10 min/72°C, (d) final hold 16°C.

Amplified PCR products were integrated into the PCR blunt cloning vector (Invitrogen) using the protocol according to the manufacturer\'s instructions. Upon transformation, independent clones were picked and expanded. Plasmid DNA was isolated, purified and sequenced (HZI sequencing facility). Sequences were analysed for the presence of C to T conversions indicating unmethylated CpGs.

Epityper analysis {#SEC2-8}
-----------------

For EpiTYPER analysis DNA was converted using the EZ DNA methylation kit (Zymo) according to the manufacturer\'s protocol. Briefly, 1 μg of genomic DNA in 50 μl 1× M-Dilution Buffer was mixed with 100 μl of CT Conversion Reagent and incubated in a PCR machine 30 s/95°C and 15 min/50°C (20 cycles) and then cooled down. After adding 400 μl of M-Binding Buffer the sample was loaded on a Zymo-Spin I Column, washed, desulfonated, washed and eluted in 100 μl H~2~O. PCR reactions were performed using 0.5 μl 10× HotStarBuffer, 200 μM dNTPs, 0.2 U Hot Star Taq polymerase and 5--10 ng template DNA, 500 pM primers (ROSA26: P1 5′-TTTGGGAGAGTAAGTGTTTTTTGTTTTTAA-3′ and P2 5′-ACCCTCCCCTTCCTCTAAAAAAATC-3′ and (Thumpd3: P1 5′-GGGGGAGAAGAATTTTTTTAGTTT-3′ and P2 5′-ATAACTCTCTCACTCCCACCCTCTAC-3′) in a final reaction volume of 5 μl. PCR was performed in a Veriti 384 well thermal cycler (Applied Biosystems) with the following steps: 94°C/4 min; 45× \[94°C/20 s; 30 s/59°C; 60 s/72°C\]; 3 min/72°C.

Unincorporated nucleotides were removed by shrimp alkaline phosphatase prior to *in vitro* transcription with T7 RNA polymerase, which is guided to the amplified PCR-products by the introduced T7 promoter tag in the reverse primer. The transcribed RNA was enzymatically cleaved at T using RNaseA according to the manufacturer\'s instruction and desalted. The DNA samples are transferred on a SpectroCHIP with the Phusio Chip Module and analysed with the MassARRAY Compact System MALDI-TOF MS (all Sequenom). Acquired data was processed with the EpiTyper Analyzer software (version 1.0.5, Sequenom).

Mice {#SEC2-9}
----

BidiTet-Luc/GFP targeted murine embryonic stems cells were used to generate transgenic mice by blastocyst injection. Rosa-Luc mice were previously described as ROSAConL mice ([@B37]). AutoTet-Luc/rtTA mice were obtained from 129 ES cells upon random integration of AutoTet-Luc/rtTA. All mouse lines were used upon backcrossing to albino C57Bl/6 to achieve white coat colour for increased sensitivity of bioluminescence measurements. Mice were maintained in the breeding facilities of Helmholtz Centre for Infection Research (HZI, Braunschweig, Germany) using individually ventilated cages. All animal experiments were carried out in accordance with national and local regulations.

Doxycycline was administered to mice via supplementing the drinking water at a final concentration of 2mg/ml. 2.5 mg/kg of 5-Azacytidine (Sigma, dissolved in PBS and stored at --20°C) administered i.p. on two consecutive days (d0 and d1).

For hydrodynamic tail vein injection (HDTV) 25 μg of the respective plasmids were dissolved in PBS (10% of body weight) and injected into the tail vein of the animals within 5--10 s.

For bioluminescence Xenogen IVIS 200 was used. Animals were anaesthetized in the induction chamber by 2--2.5% isoflurane (Albrecht). Mice were then injected intraperitoneally with 100 μl of luciferin (30 mg/ml in PBS, Synchem OHG) and placed on the heated (37°C) platform in the acquisition chamber. Anesthesia was maintained by constant administration of isoflurane via nose cones while images were taken. Initially, a grey-scale image was taken in the light tight chamber. Photons were collected by a sensitive CCD camera and the signals were overlaid to the grey-scale image. Analyses of images was done with the Living image 2.60.1 (Igor Pro 4.09A) computer program.

For histological analysis of liver, mice were sacrificed and livers were fixed for 48h in formalin and then dehydrated in 70% ethanol before processing for Hematoxylin & Eosin (H&E) and GFP staining by the histopathology facility of the HZI.

Statistical analysis {#SEC2-10}
--------------------

The data are displayed as mean and standard deviation. The significance was calculated by Mann-Whitney *U* test for all comparisons (GraphPad Prism 5.04, GraphPad Software, La Jolla, CA, USA). Differences between the groups were considered as follows: \**P* ≤ 0.05, \*\**P* ≤ 0.01, \*\*\**P* ≤ 0.001, \*\*\*\**P* ≤ 0.0001

RESULTS {#SEC3}
=======

The Tet promoter is silenced upon integration into the ROSA26 locus {#SEC3-1}
-------------------------------------------------------------------

We established murine ES cells with different Tet-promoter dependent reporter gene expression cassettes (Figure [1A](#F1){ref-type="fig"}) by recombinase mediated cassette exchange (RMCE). The cassettes were integrated downstream of the *ROSA26* promoter ([@B37]) in RMCE compatible G4B12 cells ([@B33]). Bidirectional (BidiTet-Luc/GFP) and unidirectional (Tet-GFP) Tet promoter cassettes encoding GFP and/or luciferase were constructed. In these cassettes, the rtTA (Tet-on) transactivator gene is controlled by the host\'s ROSA26 promoter. As controls, we used targeted cells in which the coding sequences of luciferase and GFP are driven by the ROSA26 promoter resulting in constitutive expression (Rosa-Luc, Rosa-GFP).

Populations of targeted cells were induced by Doxycycline for two days and analysed for luciferase expression (Figure [1B](#F1){ref-type="fig"}). In BidiTet-Luc/GFP cells, luciferase expression was induced by Doxycycline resulting in an average expression of 2.6 × 10^3^ RLU/μg of total protein. In Rosa-Luc cells, in which luciferase is controlled by the endogenous ROSA26 promoter, a 15-fold higher expression could be observed. We evaluated if Doxycycline induced expression could be enhanced by installing a positive feedback loop. Unexpectedly, BidiTet-Luc/rtTA cells, in which a second rtTA coding sequence is controlled by the Tet promoter, showed a similar luciferase expression pattern when compared to BidiTetLuc/GFP cells, indicating that levels of rtTA molecules are not the limiting factor for expression (Figure [1B](#F1){ref-type="fig"}).

We determined the frequency of GFP expressing BidiTet-Luc/GFP cells as well as Tet-GFP cells. If compared to luciferase, detection of GFP requires a higher threshold expression level, however, it provides the option to monitor expression of individual cells by flow cytometry. Interestingly, in the presence of Doxycycline, GFP expression was induced in 85% of the Tet-GFP cells while ∼20% of the BidiTet-Luc/GFP cells showed GFP expression, albeit at a lower level. In contrast, we observed homogeneous GFP expression in virtually all cells when GFP is transcribed from the endogenous ROSA26 promoter as in ROSA-GFP cells (Figure [1B](#F1){ref-type="fig"}). The heterogeneous, mosaic type of expression in individual BidiTet-Luc/GFP and Tet-GFP cells suggests that the Tet promoter is susceptible to epigenetic modulations in the ROSA26 locus, leading to a decrease in expression strength down to total inactivity in a large portion of the population.

To investigate stability of expression over time, we cultured BidiTet-Luc/GFP cells for 20 passages in the presence or absence of Doxycycline and subsequently measured expression of luciferase and GFP. When compared to cells in early passages, luciferase expression in the presence of Doxycycline decreased ∼14-fold and GFP expression was found in \<2% of cells (Figure [1C](#F1){ref-type="fig"}). To investigate if expression is altered upon differentiation the cells were cultured in absence of LIF and reporter gene expression was assessed over time. Intriguingly, on day 7, when cells had lost stem cell phenotype as indicated by absence of alkaline phosphatase ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}) GFP expression was not detectable and luciferase expression was decreased (Figure [1D](#F1){ref-type="fig"}) indicating extensive silencing.

To evaluate Doxycycline dependent gene expression *in vivo* we established a transgenic mouse line from BidiTet-Luc/GFP ES cells. Expression in individual animals was assessed by whole body bioluminescence imaging. As controls, Rosa-Luc mice were used in which luciferase is controlled by the *ROSA26* promoter (Figure [1A](#F1){ref-type="fig"}) ([@B37]) as well as wild type albino C57Bl/6 mice. Untreated BidiTet-Luc/GFP mice showed low basal expression of luciferase which was only increased ∼2-fold when mice were induced with Doxycycline for 7--11 days ([Supplementary Figure S3A](#sup1){ref-type="supplementary-material"}). The signal was approximately four orders of magnitude lower than in ROSA-Luc mice (Figure [1E](#F1){ref-type="fig"}). Breeding animals in the presence of Doxycycline had no significant effect on the expression level ([Supplementary Figure S3B](#sup1){ref-type="supplementary-material"}). Even in homozygous BidiTet-Luc/GFP animals with two copies of the inducible expression cassette Doxycycline dependent expression was low (Figure [1E](#F1){ref-type="fig"}). We tested if expression can be achieved by *de novo* introduction of the BidiTet-Luc/GFP cassette in liver tissue of mice. To this end, we performed hydrodynamic tail vein (HDTV) injection of the BidiTet-Luc/GFP plasmid into BidiTet-Luc/GFP mice which should mainly create an episomal status of the cassette in liver cells ([@B41]). On day 2 after HDTV injection, high luciferase expression was observed confirming the functionality of the Tet cassette (Figure [1E](#F1){ref-type="fig"}). This suggests that in the BidiTet-Luc/GFP animals the integrated cassette is strongly silenced.

To determine transgene expression in individual organs, we sacrificed Doxycycline induced and non-induced BidiTet-Luc/GFP animals and measured RNA levels of luciferase and rtTA in liver and kidney tissue. In both organs, the RNA levels of luciferase in Doxycycline induced BidiTet-Luc/GFP animals were lower compared to those in Rosa-Luc animals (Figure [1F](#F1){ref-type="fig"}). We found significant rtTA expression in these organs, indicating that the endogenous ROSA26 promoter is active. Together, these observations show that the Tet promoter driven expression cassettes are susceptible to silencing *in vitro* as well as in transgenic animals.

The Tet promoter but not the neighbouring host cell promoters becomes methylated {#SEC3-2}
--------------------------------------------------------------------------------

To investigate if DNA methylation could contribute to the silencing of Tet cassettes in the ROSA26 locus we treated Doxycycline-induced and mock-induced BidiTet-Luc/GFP ES cells with inhibitors of DNA methylation (DNMTi). Upon cultivation of cells in the presence of Decitabine, the number of GFP expressing ES cells could be increased from 2% in non-treated cells to about 6% and 8% in treated cells, respectively (Figure [2A](#F2){ref-type="fig"}). Also, luciferase expression was increased in a dose dependent manner ([Supplementary Figure S1C](#sup1){ref-type="supplementary-material"}). This suggests that DNMTi can restore expression of the Tet cassette in a fraction of ES cells.

![The bidirectional Tet promoter is methylated in the ROSA26 locus and can be reactivated by DNMTi (**A**) GFP expression in BidiTet-Luc/GFP ES cells upon cultivation in presence of the DNMTis Decitabine and Azacytidine. BidiTet-Luc/GFP ES cells were cultivated in presence or absence of Doxycycline and Decitabine or Azacytidine for three days and subsequently subjected to flow cytometry. The percentage of GFP expressing cells is depicted. (**B**) *In vivo* imaging of induced BidiTet-Luc/GFP mice upon treatment with Azacytidine. Whole body bioluminescence was determined in three independent animals before and three days after the first treatment with Azacytidine. As control, Rosa-Luc animals were used. The bioluminescence of three independent mice per group is depicted on the left. On day 3, the liver was isolated and slices were stained for GFP expression. Depicted are representative sections from mice of the indicated groups. (**C**) Schematic depiction of the bidirectional Tet promoter in BidiTet-Luc/GFP cells and the position of the CpG\'s. The bidirectional Tet promoter comprises 30 CpGs, 8 CpG\'s flank the tetO sequences, 3 CpGs are located in a spacer element and the remaining 19 CpG are in the two opposing CMV promoter sequences. The location of the CpGs within the promoter (lines) and within the amplified PCR fragment (lollipops) are indicated. Note that the 5′ minimal CMV promoter is slightly shorter than the 3′ CMV promoter ([@B72]). (**D**) Methylation status of the Tet promoter in BidiTet-Luc/GFP ES cells. Cells were treated for 3 days with Decitabine. GFP positive and negative cells were sorted, DNA was extracted and subjected to bisulfite analysis. Subsequently, the Tet promoter DNA was PCR amplified and cloned in E. coli. Sequences of eight randomly picked clones representing eight independent cells are depicted. In each line, the circles depict the 17 CpGs of an individual clone/cell. Black circles indicate methylated cytosines and non-filled circles non-methylated cytosines. (**E**) Methylation status of Tet promoter in BidiTet-Luc/GFP mice. Bisulfite analysis of the Tet promoter based on DNA extracted from mouse livers. The methylation status of the Tet promoter in the non-induced (--Dox), induced (+Dox) and Azacytidine/Dox induced animals (+Dox +Aza) is depicted. Three independent mice per group were analysed. For each mouse, eight independent cells were sequenced and analysed. Black circles indicate methylated cytosines and non-filled circles non methylated cytosines. (**F**) Epityper based DNA methylation analysis of the ROSA26 and ThumpD3 promoter in cells and mice. The heat maps represent the results of the methylation analysis done on Epityper. The various CpG motifs of the two promoters are indicated on the x-axis of each map and the samples used are indicated on the y-axis. The reference scale is indicated (0.01 = 1% methylation and 0.26 = 26% methylation). Each vertical column represents the same CpG motif analyzed from different gDNA samples while each row represents the different CpGs within the same sample.](gkx601fig2){#F2}

We also examined the role of DNA methylation for silencing Tet driven transgene expression *in vivo*. BidiTet-Luc/GFP mice were treated with Azacytidine for two consecutive days and subsequently evaluated by *in vivo* luminescence. Administration of Azacytidine to induced BidiTet-Luc/GFP animals increased expression of luciferase 86-fold. Luciferase activity in Rosa-Luc mice did not change by this treatment (Figure [2B](#F2){ref-type="fig"}). We also evaluated transgene expression in liver sections of Azacytidine treated and non-treated BidiTet-Luc/GFP mice by staining with a GFP-antibody. Positive staining confirmed activation of GFP expression in individual hepatocytes of DNMTi treated animals (Figure [2B](#F2){ref-type="fig"}).

To analyse the DNA methylation status of the Tet promoter, GFP positive and negative fractions from DNMTi and Doxycycline treated BidiTet-Luc/GFP mES cells were separated by FACS, genomic DNA was isolated and converted with bisulfite. The bidirectional Tet promoter comprises 30 CpGs (Figure [2C](#F2){ref-type="fig"}). PCR amplification of the entire promoter region is challenging, presumably due to the high degree of sequence repeats. Thus, we restricted our analysis to a PCR fragment comprising 17 CpGs, in particular the 8 CpGs located around the tetO sequences, 5 CpGs in the luciferase driving minimal CMV promoter and 4 CpGs in the 5′ region of the GFP driving CMV promoter (Figure [2C](#F2){ref-type="fig"}). The fragments were cloned in *Escherichia coli*. Eight bacterial clones reflecting the promoter sequence of independent ES cells were randomly picked and sequenced.

Interestingly, the methylation analysis revealed drastic differences in the overall methylation level of expressing vs. non-expressing cells. In GFP negative ES cells, nearly all CpGs in the amplified promoter region were methylated (Figure [2C](#F2){ref-type="fig"}). In contrast, in the GFP expressing cells, the level of methylation was reduced to 67%. Together, this confirms an inverse correlation between the transgene expression level and the degree of bidirectional Tet promoter methylation. We also investigated the methylation status of the Tet promoter in the liver from BidiTet-Luc/GFP mice in the presence and absence of Doxycycline. \>95% of CpGs within the Tet promoter were methylated irrespective of Doxycycline treatment. Importantly, if the mice were subjected to DNMTi treatment the overall methylation level of the Tet promoter was decreased to about 64% (Figure [2D](#F2){ref-type="fig"}).

We wondered about the degree of methylation of the endogenous ROSA26 locus and if this would be altered by integration of the Tet-transgene cassettes. To elucidate this, we analysed the DNA methylation status of the cellular ROSA26 and ThumpD3 promoters adjacent to the transgenic Tet cassette in BidiTet-Luc/GFP mice (Figure [1A](#F1){ref-type="fig"}). Since both host promoter sequences are devoid of repetitive elements they were subjected to Epityper analysis, which provides quantitative data relying on a large number of reads/data points ([@B42],[@B43]). *In vitro* methylated plasmid DNA served as a control. The DNA methylation analysis revealed very low methylation levels for both, ThumpD3 and ROSA26, promoters and no significant alteration by transgene integration and subsequent treatments and cultivation (Figure [2E](#F2){ref-type="fig"} and [Supplementary Figure S4](#sup1){ref-type="supplementary-material"}). This indicates that the high methylation level of the synthetic Tet promoter does not spread to the neighboring host promoters. These results rule out that the methylated status of the synthetic Tet promoter modulates expression of the ROSA26 promoter.

Re-activation of the silenced Tet promoter by targeted demethylation {#SEC3-3}
--------------------------------------------------------------------

We asked if methylation induced silencing could be reverted by targeting the demethylation domain of ten eleven translocation protein 1 (TET1) to the Tet promoter. To this end, we generated a gene that encodes a fusion protein in which the catalytic domain of TET1 is linked to the carboxy terminus of the rtTA transactivator. This fusion protein is designated TET1c-rtTA in the following.

To investigate the potential of TET1c-rtTA to overcome the methylation of the Tet promoter we stably integrated a CAGGS promoter driven TET1c-rtTA cassette into immortalized BidiTet-Luc/GFP fibroblast cells. We analysed expression in the presence of Vitamin C, which is known as a co-factor of TET proteins ([@B44]). In agreement with previous results, in absence of TET1c-rtTA BidiTet-Luc/GFP fibroblasts did not show Doxycycline dependent luciferase expression. In BidiTet-Luc/GFP fibroblasts that additionally expressed TET1c-rtTA, luciferase and GFP expression were found to be increased (Figure [3A](#F3){ref-type="fig"} and [B](#F3){ref-type="fig"} and [Supplementary Figure S5](#sup1){ref-type="supplementary-material"}). Of note, the enhancing effect of TET1c-rtTA was strictly dependent on the presence of Doxycycline and the cofactor Vitamin C (Figure [3B](#F3){ref-type="fig"}). Absence of either Doxycycline or Vitamin C led to loss of expression, indicating that both factors are critically needed. We can exclude that endogenous TET1 proteins activate expression upon binding to the methylated Tet promoter since treatment of BidiTet-Luc/GFP fibroblasts with Vitamin C alone did not induce luciferase expression (Figure [3A](#F3){ref-type="fig"}).

![The silenced Tet promoter can be reactivated by site specific targeted demethylation in fibroblasts. (**A**) Reactivation of silenced reporter expression in fibroblasts. Immortalized fibroblasts from BidiTet-Luc/GFP mice were transduced with Tet1c-rtTA by lentiviral gene transfer. Infected (+TET1c-rtTA) and non-infected (--TET1c-rtTA) cells were cultured with or without Doxycycline, Vitamin C (+VitC) for three days as indicated and subsequently analysed for luciferase and GFP expression. As control, the non-transduced BidiTet-Luc/GFP fibroblasts were cultured with Decitabine. The data from two or three independent experiments with duplicates or triplicates are depicted. (**B**) Methylation status of the Tet promoter in Tet1c-rtTA transduced fibroblasts. The genomic DNA was isolated from TET1c-rtTA transduced BidiTet-Luc/GFP fibroblasts previously cultured in absence or presence of Doxycycline and Vitamin C. The DNA was converted with bisulfite. The Tet promoter DNA was PCR amplified, cloned and sequenced. The methylation status of 10 independent clones is depicted. Black circles indicate methylated cytosines and non-filled circles non-methylated cytosines.](gkx601fig3){#F3}

To confirm that expression of the TET1c-rtTA facilitates increased expression by reverting the methylation status of the Tet promoter, the DNA of TET1c-rtTA transfected BidiTet-Luc/GFP cells was subjected to methylation analysis. Only 20% of the Tet promoter CpGs were found to be methylated in the presence of Vitamin C and the fusion protein while nearly 90% of CpGs were methylated in the absence of the fusion protein irrespective of Vitamin C (Figure [3B](#F3){ref-type="fig"} and [Supplementary Figure S6](#sup1){ref-type="supplementary-material"}). This shows that TET1c-rtTA, but not endogenous TET proteins rescue silenced expression from the BidiTet promoter by supporting its demethylation.

Targeted demethylation reactivates silenced Tet cassettes in mice {#SEC3-4}
-----------------------------------------------------------------

Finally, we investigated if expression can be reactivated *in vivo*. Since Vitamin C (ascorbate) is synthesized from glucose in mouse liver (reviewed in ([@B45])) no additional supplementation was required. We injected the TET1c-rtTA expression plasmid into Doxycycline treated BidiTet-Luc/GFP animals by HDTV injection. As controls, we employed plasmids encoding for rtTA or the catalytic domain of TET1 (TET1c) lacking the DNA binding domain. The animals were analysed for bioluminescence 48h after injection. None of the control groups showed a significant increase in luciferase expression suggesting that neither the injection itself nor the elevated expression of rtTA or the non-binding catalytic domain could significantly increase luciferase expression (Figure [4A](#F4){ref-type="fig"}). However, upon administration of TET1c-rtTA the animals showed a pronounced upregulation of luciferase (about 80fold). Of note, upregulation was dependent on TET1c-rtTA binding to the Tet promoter since in absence of Doxycycline no increase in expression was observed (Figure [4A](#F4){ref-type="fig"}). In line with this, when we injected TET1c-rtTA in absence of Doxycycline no significant increase in expression could be observed while subsequent administration of Doxycycline rescued expression ([Supplementary Figure S7](#sup1){ref-type="supplementary-material"}).

![Reversion of Tet-promoter silencing *in vivo*. (**A**) Reactivation of silenced gene expression in vivo. BidiTet-Luc/GFP mice were subjected to HDTV using the indicated plasmid DNA. As negative control the animals were hydrodynamically injected with PBS (mock). After 48 h, bioluminescence was measured by *in vivo* imaging. Doxycycline feeding was started 7 days before the experiment and was maintained throughout the experiment (upper panel). Control groups were measured in absence of Doxycycline as indicated. Representative in vivo images of mice as well as cumulative data from 5 independent animals per group are shown (lower panel). (**B**) Kinetics of reactivation. Bioluminescence of BidiTet-Luc/GFP animals was monitored on the indicated days after HDTV injection as described in (A). On day 21, HDTV injection was repeated using the same plasmid DNA and animals were imaged one day later. Bars represent measurement of four animals. The fold induction is related the bioluminescence signal before HDTV injection. Day 2 luciferase measurements were derived from the experiment represented in (A). (**C**) Reactivation of silenced expression in AutoTet-Luc/rtTA mice. Doxycycline induced AutoTet-Luc/rtTA mice received TET1c-rtTA, rtTA or PBS (mock) via HDTV injection. Bioluminescence of mice 48 h after HDTV injection is depicted on the left. The quantification of bioluminescence before (0) and 48 h after (48) based on three independent animals is depicted in the lower panel. As negative control (mock) AutoTet-Luc/rtTA animals were injected with PBS. (**D**) Kinetics of reactivation in AutoTet-Luc/rtTA mice. Bioluminescence of AutoTet-Luc/rtTA mice of (C) was monitored on the indicated days after HDTV injection. AutoTet-Luc/rtTA animals received drinking water supplemented with Doxycycline throughout the experiment. The animals were measured on the indicated days before and after HDTV injection. On day 42 HDTV injection was repeated using the same plasmid DNA and animals were analysed one day later. Bars represent measurement of three animals. Day 2 luciferase measurements are derived from the experiment represented in (C). The fold induction is related to the bioluminescence before HDTV injection.](gkx601fig4){#F4}

We asked if the silencing activity of ROSA26 chromosomal environment on Tet cassettes is restricted to the course of embryonic development or if it would also dominate expression of Tet cassettes after differentiation, i.e. in adult animals. Thus, we investigated if expression of Tet promoter, once actively demethylated by expression of TET1c-rtTA, would be maintained in absence of TET1c-rtTA. We exploited the transient expression of HDTV transferred plasmid DNA in liver ([@B46]) and followed expression of these treated animals over three weeks. Doxycycline was continuously provided during the course of the experiment. The analysis showed a peak of luciferase expression around day 2 after HDTV. Then, expression continuously decreased and was comparable to silenced expression levels after 3 weeks. When we repeatedly injected TET1c-rtTA plasmid, luciferase expression increased to levels comparable to the first injection (Figure [4B](#F4){ref-type="fig"}) while injection of control plasmids did not result in significant changes ([Supplementary Figure S8A and B](#sup1){ref-type="supplementary-material"}). Together, this indicates that long-term activation of the silenced Tet promoter in the ROSA26 locus requires permanent demethylation by TET1c-rtTA.

We investigated if reactivation of silenced expression could be also achieved for another chromosomal integration site. To this end, we generated AutoTet-Luc/rtTA ES cells by random integration of a single copy of an autoregulated bidirectional Tet cassette and also established transgenic mice thereof. While expression of AutoTet-Luc/rtTA ES cells in the presence of Doxycycline was comparable to ROSA-Luc ES cells ([Supplementary Figure S9A](#sup1){ref-type="supplementary-material"}) it was found to be 20-fold decreased on the level of mice suggesting silencing of expression during development ([Supplementary Figure S9B](#sup1){ref-type="supplementary-material"}). When we injected TET1c-rtTA into these animals, we observed a drastic increase in expression while injection of the control rtTA plasmid did not result in significant changes (Figure [4C](#F4){ref-type="fig"}; [Supplementary Figure S10](#sup1){ref-type="supplementary-material"}). Interestingly, also in these mice the effect of TET1c-rtTA was transient but declined less rapidly. Similar to the results with the BidiTet-Luc/GFP mice, a second injection with TET1c-rtTA could rescue luciferase expression (Figure [4D](#F4){ref-type="fig"}).

Together, the results show that Tet promoters are prone to epigenetic silencing and that targeted demethylation of the Tet promoter is a tool to selectively reactivate silenced expression in a transient manner *in vitro* and *in vivo*, independent of the integration site.

DISCUSSION {#SEC4}
==========

The intensity of transgene expression is considered to be affected by both, the composition of the regulatory promoter/enhancer elements driving the gene of interest and the chromosomal site of integration ([@B47]). These factors not only determine the initial transgene expression level, they also affect the stability of transgene expression. Indeed, while the expression level in certain integration sites is found to be stable over extended cultivation periods even when perturbed by external alterations of culture conditions, in many integration sites, transgene expression underlies changes, mostly inactivation. While screening methods today allow measurement of the level of initial transgene expression and thus the isolation of relevant cell clones in high throughput, the extent and stability of transgene expression needs to be defined for each cell clone and cultivation/environment condition.

Targeted integration into defined chromosomal sites was suggested to overcome the variability associated with random integration of expression cassettes. Accordingly, specific targeting of transgenes into predefined and tagged sites with the help of site specific recombinases such as Flp or Cre (reviewed in ([@B48])) was introduced. Upon targeting a given cassette carrying the same regulatory elements into a defined locus, isogenic subclones display homogenous expression levels indicating that the influence from a previously characterized integration site is maintained constant. Accordingly, the impact on defined expression cassettes can be predicted ([@B36],[@B49],[@B50]). This approach has been boosted by methods to enhance the efficiency of homologous recombination. Together with increasing information of sequence and epigenetic status for whole genomes the employment of site specific double stranded DNA breaks by Zn finger nucleases, TALENs, or CRISPR/Cas9 ([@B51]) facilitates targeted integration of expression cassettes into virtually any site of the genome. Irrespective of the method used for targeted integration, however, the interaction of various incoming cassettes (with different regulatory elements) with the chromosomal environment is still not predictable and remains to be evaluated empirically. Thus, methods that overcome silencing of transgene cassette are of interest.

We investigated the expression and crosstalk of reporter gene expression cassettes upon targeted integration into the ROSA26 locus. Although this locus has been described to be ubiquitously active ([@B32]), expression of transgene cassettes with different transcription control elements underlies non-predictable expression characteristics ([@B52],[@B53]). While Tet promoter driven transgene expression could be achieved to a certain degree, mosaic and also loss of expression have been reported ([@B34],[@B54]--[@B56]). This suggests that the Tet promoter is affected by epigenetic silencing, although the underlying mechanism remained elusive. In the current study, we focused on Doxycycline regulatable cassettes integrated into the ROSA26 site to follow expression levels under various conditions. Targeting of these cassettes into mES cells allowed us to monitor expression during and after differentiation, conditions that are well-known for concerted changes in gene expression patterns. We observed a strong decline of transgene expression i) upon mid-term cultivation of ES cells, ii) during differentiation and iii) after creation of transgenic animals, indicating that the transgene cassettes were epigenetically silenced.

The mechanisms that lead to the induction of silencing are not well understood ([@B47],[@B57]). DNA methylation is one of the important mechanisms associated with silencing. An early study suggested that DNA methylation may spread from highly methylated foci to the nearby regions ([@B58]). In particular retroviral elements have the capacity to induce *de novo* methylation of surrounding chromosomal sites ([@B58],[@B59]). The spreading of DNA methylation to distal sites was shown to be driven by recruitment of repression complexes to the methylated sites, which in turn can render the chromatin more susceptible to the DNA methylation machinery ([@B60]). In our study, we observed that the highly methylated Tet promoter does not induce methylation of the flanking endogenous ROSA26 and ThumpD3 promoter. Thus, both host promoters are not affected by strong methylation induced by the incoming constructs, suggesting that these host promoters are protected from this silencing mechanism. Recently, insulator sequences were utilized to stabilize expression of Tet cassettes ([@B14],[@B15],[@B61]). While these elements could increase overall expression, they did not overcome the mosaic type of expression upon differentiation ([@B34]).

To overcome silencing we developed a new tool to specifically stabilize transgene expression. The TET1c-rtTA fusion protein demethylates DNA after Doxycycline dependent binding to the Tet operator driving the transgene. We show that expression of the TET1c-rtTA fusion protein can rescue silenced Tet cassettes both in cells as well as in mice (Figures [3A](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}). Of note, due to the Doxycycline dependent demethylation, the induced but not the basal expression of the system is significantly enhanced, thereby increasing the overall induction rate (Figure [4](#F4){ref-type="fig"} and [Supplementary Figure S9](#sup1){ref-type="supplementary-material"}). Targeted demethylation of specific genomic sites was recently approached by site specific recruitment of the enzymatic activity of TET proteins upon fusion with TALE or Cas9 proteins ([@B62]--[@B64]). When targeting a single site the extent of demethylation as such is limited to a few CpGs ([@B62]). Multiplexing is usually required to achieve robust demethylation ([@B65]). In the system used here, seven DNA motifs are provided which serve as binding sites for the TET1c-rtTA fusion protein, thereby allowing the recruitment of several molecules. This resulted in efficient demethylation of an area of at least 390 bp which was sufficient to restore expression (Figure [3B](#F3){ref-type="fig"}). In contrast to the constitutive demethylation strategies via TALEN and CRISPR/Cas9, our strategy is characterized by Doxycycline controlled binding of the fusion protein. Thereby, the transcriptional status can be reversibly modulated. Together with the recently emerged Doxycycline inducible recruitment of gene repressors ([@B66],[@B67]), this fusion protein complements the toolbox for kinetic control of epigenetic states. However, given the stochastic nature of Doxycycline induced transcription appropriate analytic tools will be required ([@B38],[@B68],[@B69]).

We observed that TET1c-rtTA cannot overcome the mosaic type of reporter expression in individual cells. Analysis of the methylation status revealed that in a certain portion of cells demethylation was achieved. Of note, even global impairment of methylation by Decitabine led to a similar phenotype suggesting stochasticity of the demethylation process or the existence of other mechanisms than methylation stabilizing the silencing of the Tet cassette. It will be interesting to follow the fate of cells that failed to become reactivated.

Recently, Wan *et al.* ([@B56]) reported that expression from Tet promoter in ES cells is sensitive to epigenetic silencing after targeted integration into the Col1A1 locus, a site that was previously shown to support Tet induced expression ([@B70]). The authors observed that silencing of the Tet cassette in this locus was dependent on the exposure to Doxycycline during the early developmental stages. The conclusion from this study was that in this locus silencing of the Tet promoter is crucially dependent on its transcription in early developmental stages. In contrast, Wiznerowicz *et al.* reported about irreversible silencing of randomly integrated Tet cassettes by KRAB mediated repression when transcription of the Tet promoter was impaired during the first days of mouse development ([@B71]). For the ROSA26 locus, we did not see significant differences when we targeted the construct in the presence or absence of Doxycycline (data not shown). Further, breeding of BidiTet-Luc/GFP animals in the presence of Doxycycline did not reduce the silencing level of the Tet promoter in the ROSA26 locus ([Supplementary Figure S2B](#sup1){ref-type="supplementary-material"}). Thus, we conclude that for the ROSA26 locus, transcription from the Tet promoter does not influence the epigenetic status of bidirectional Tet cassettes upon differentiation.

On the whole, this study shows that epigenetic silencing of methylation prone promoter sequences occurs even in transcriptionally active chromosomal sites, but without affecting the neighbouring genes. By specific recruitment of epigenetic modifiers silencing of the synthetic cassettes can be overcome. This opens new perspectives for transgenesis as well as epigenetic control of transcription.
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